a2 United States Patent

Hollis

US009270417B2

US 9,270,417 B2
Feb. 23, 2016

(10) Patent No.:
(45) Date of Patent:

(54)

(71)

(72)

(73)

")

@

(22)

(65)

(1)

(52)

(58)

DEVICES AND METHODS FOR
FACILITATING DATA INVERSION TO LIMIT
BOTH INSTANTANEOUS CURRENT AND
SIGNAL TRANSITIONS

Applicant: QUALCOMM Incorporated, San
Diego, CA (US)

Inventor: Timothy Mowry Hollis, Poway, CA
(US)

Assignee: QUALCOMM Incorporated, San
Diego, CA (US)

Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 50 days.

Appl. No.: 14/086,858

Filed: Nov. 21, 2013
Prior Publication Data
US 2015/0139355 Al May 21, 2015
Int. CI.
HO4L 27/00 (2006.01)
HO04L 1/00 (2006.01)
GOGF 13/38 (2006.01)
HO3K 19/00 (2006.01)
HO3K 19/0175 (2006.01)
U.S. CL
CPC ..o HO4L 1/0042 (2013.01); GO6F 13/38

(2013.01); HO3K 19/0008 (2013.01); HO3K
19/0175 (2013.01); HO4L 1/0075 (2013.01)
Field of Classification Search
CPC .... HO4L 1/003; HO3M 13/05; HO3M 13/353;
HO3M 5/02
USPC e 375/257, 295, 259
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

5,931,927 A 8/1999 Takashima
7,522,073 B1 4/2009 Kao
8,451,913 B2 5/2013 Ohetal.
2004/0225945 Al 11/2004 Poechmueller
2007/0250310 Al* 10/2007 Satoetal. ........cove... 704/219
2009/0094505 Al* 4/2009 Nguyen ...... ... 714/780
2009/0172495 Al* 7/2009 Wangetal. . ... 714/755
2009/0182918 Al*  7/2009 Hollis ....coovovvvrevrenrnnn.. 710/106
2010/0045491 Al 2/2010 Bae et al.
2011/0138258 Al* 6/2011 Okamura .......... HO3M 13/1102
714/780
2011/0222623 Al 9/2011 Hollis
(Continued)
OTHER PUBLICATIONS

Hollis TM., et al., “Data Bus Inversion in High-Speed Memory
Applications,” IEEE Transactions on Circuits and Systems—II:
Express Briefs, Apr. 2009, vol. 56 (4), pp. 300-304.

(Continued)

Primary Examiner — Don N Vo
(74) Attorney, Agent, or Firm — Loza & Loza, LLP

(57) ABSTRACT

Electronic devices are adapted to facilitate data encoding for
simultaneously limiting both instantaneous current and sig-
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data bits to be transmitted on a data bus. The first encoding
scheme may be performed based on a number of transitions
within the group of data bits for each data channel. A second
encoding scheme may also be performed on the group of data
bits. The second encoding scheme may be performed based
on a number of data bits within the group of data bits for each
data channel exhibiting a predetermined state (e.g., aoneora
zero). After both encoding scheme are performed on the
group of data bits, the encoded data bits may be transmitted
over respective data channels of the data bus. Other aspects,
embodiments, and features are also included.
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1
DEVICES AND METHODS FOR
FACILITATING DATA INVERSION TO LIMIT
BOTH INSTANTANEOUS CURRENT AND
SIGNAL TRANSITIONS

TECHNICAL FIELD

The technology discussed below relates generally to elec-
tronic devices including a data bus, and more specifically to
methods and devices for encoding data bits for transmission
over a data bus and decoding data bits transmitted over a data
bus.

BACKGROUND

Data transmission across interconnects may take a number
of forms. One example of a configuration for facilitating data
transmission between components is use of a data bus, where
a transmitting component sends data signals, also called data
bits, to a receiving component over a group of parallel trans-
mission channels. The data bits are typically subject to inter-
symbol interference (ISI), crosstalk, and simultaneous
switching noise (SSN) that can alter the amplitude and timing
of'the data bits. Often, the data bits may be encoded to reduce
the effects of ISI, crosstalk, and/or SSN using various tech-
niques of data encoding. One specific form of data encoding
is Data Bus Inversion (DBI).

BRIEF SUMMARY OF SOME EXAMPLES

The following summarizes some aspects of the present
disclosure to provide a basic understanding of the discussed
technology. This summary is not an extensive overview of all
contemplated features of the disclosure, and is intended nei-
ther to identify key or critical elements of all aspects of the
disclosure nor to delineate the scope of any or all aspects of
the disclosure. Its sole purpose is to present some concepts of
one or more aspects of the disclosure in summary form as a
prelude to the more detailed description that is presented later.

Various examples and implementations of the present dis-
closure facilitate data encoding utilizing a plurality of encod-
ing techniques on each data channel of a data bus. According
to at least one aspect of the disclosure, electronic devices may
include an encoder with a data bus interface and a processing
circuit communicatively and/or operationally coupled
together. The data bus interface can be coupled with a data bus
to facilitate a transmission of data bits. The processing circuit
may be adapted to perform a first encoding scheme on a group
of data bits to be transmitted on a data bus via the data bus
interface, where the first encoding scheme is performed based
on a number of transitions within the group of data bits. The
processing circuit may further be adapted to perform a second
encoding scheme on the group of data bits based on a number
of data bits within the group of data bits exhibiting a prede-
termined state. The processing circuit can also be adapted to
set a plurality of first encoding flags to indicate which data
bits are encoded by the first encoding scheme, and set a
plurality of second encoding flags to indicate which data bits
are encoded by the second encoding scheme.

Further aspects provide methods operational on electronic
devices and/or electronic devices including means to perform
such methods. One or more examples of such methods may
include performing a first encoding scheme on a group of data
bits to be transmitted over a data bus. The first encoding
scheme may be performed based on a number of transitions
within the group of data bits. A second encoding scheme may
also be performed on the group of data bits. The second
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2

encoding scheme may be performed based on a number of
data bits within the group of data bits exhibiting a predeter-
mined state. Additionally, first encoding flags may be set to
indicate which data bits are encoded by the first encoding
scheme, and second encoding flags may be set to indicate
which data bits are encoded by the second encoding scheme.

Still further aspects include processor-readable storage
mediums comprising programming operational on a process-
ing device, such as an electronic device. According to one or
more examples, such programming may be adapted for caus-
ing a processing circuit to employ a first encoding scheme on
a group of data bits to be transmitted over a data bus. The first
encoding scheme may be performed based on a number of
transitions within the group of data bits. The programming
may further be adapted for causing a processing circuit to
employ a second encoding scheme on the group of data bits.
The second encoding scheme may be performed based on a
number of data bits within the group of data bits exhibiting a
predetermined state.

Additional aspects of the present disclosure provide elec-
tronic devices including at least one encoder. Such an encoder
may include a transition detector, a state detector, and an
invertor. The transition detector may be adapted to determine
a number of transitions on a plurality of data channels of a
data bus for a predetermined number of cycles. The state
detector may be adapted to determine a number of cycles set
to a predetermined state on each data channel of the plurality
of'data channels for the predetermined number of cycles. The
invertor may be adapted to invert every other cycle of the
predetermined number of cycles on a data channel when the
number of transitions on the data channel is determined to be
above a transition threshold. The invertor may further be
adapted to invert the cycles of the predetermined number of
cycles on a data channel when the number of cycles set to the
predetermined state on the data channel is determined to be
above a state threshold.

Further aspects provide methods operational on electronic
devices and/or electronic devices including means to perform
such methods. One or more examples of such methods may
include determining a number of transitions on a plurality of
data channels of a data bus for a predetermined number of
cycles. When the number of transitions on a data channel is
determined to be above a transition threshold, every other
cycle of the data channel may be inverted. A respective tran-
sition inversion encoding flag associated with each data chan-
nel may be set to indicate whether every other cycle of the
associated data channel has been inverted. A determination
may also be made of the number of cycles set to a predeter-
mined state on each data channel of the plurality of data
channels for the predetermined number of cycles. When the
number of cycles set to the predetermined state on a data
channel is above a state threshold, the cycles of the data
channel may be inverted. A respective state inversion encod-
ing flag associated with each data channel may be set to
indicate whether the cycles of the associated data channel are
inverted.

Still further aspects include processor-readable storage
mediums comprising programming operational on a process-
ing device, such as an electronic device. According to one or
more examples, such programming may be adapted for caus-
ing a processing circuit to determine a number of transitions
on a plurality of data channels of a data bus for a predeter-
mined number of cycles, invert every other cycle of a data
channel when the number of transitions on the data channel is
determined to be above a transition threshold, and set a
respective transition inversion encoding flag associated with
each data channel to indicate whether every other cycle of the
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associated data channel has been inverted. The programming
may further be adapted for causing a processing circuit to
determine a number of cycles set to a predetermined state on
each data channel of the plurality of data channels for the
predetermined number of cycles, invert the cycles of a data
channel when the number of cycles set to the predetermined
state on the data channel is above a state threshold, and set a
respective state inversion encoding flag associated with each
data channel to indicate whether the cycles of the associated
data channel are inverted.

Various examples and implementations of the present dis-
closure further facilitate decoding data that has been encoded
utilizing a plurality of encoding techniques on each data
channel of a data bus. According to at least one aspect of the
disclosure, electronic devices may include a decoder with a
data bus interface and an invertor communicatively and/or
operationally coupled together. The data bus interface can be
coupled with a data bus to facilitate reception of data bits. The
invertor may be adapted to receive a group of data bits on a
plurality of data channels via the data bus interface. The
invertor may decode the group of data bits for a first encoding
scheme, and then decode the group of data bits for a second
encoding scheme.

Additional aspects provide methods operational on elec-
tronic devices and/or electronic devices including means to
perform such methods. One or more examples of such meth-
ods may include receiving a group of data bits on a plurality
of data channels of a data bus. The group of data bits may be
decoded for a first encoding scheme, and then decoded for a
second encoding scheme.

Still further aspects include processor-readable storage
mediums comprising programming operational on a process-
ing device, such as an electronic device. According to one or
more examples, such programming may be adapted for caus-
ing a processing circuit to decode a group of received data bits
for a first encoding scheme, and then decode the group of data
bits for a second encoding scheme.

Other aspects, features, and embodiments associated with
the present disclosure will become apparent to those of ordi-
nary skill in the art upon reviewing the following description
in conjunction with the accompanying figures.

DRAWINGS

FIG.1is ablock diagram of a system environment in which
one or more aspects of the present disclosure may find appli-
cation.

FIG. 2 is a block diagram illustrating an example of data
bits transmitted over different channels of a data bus.

FIG. 3 is a block diagram illustrating an example of DBI
AC encoding applied to the data bits of FIG. 2.

FIG. 4 is a block diagram illustrating an example of DBI
DC encoding applied to the data bits of FIG. 2.

FIG. 5 is a block diagram illustrating select components of
an electronic device and decoder according to at least one
example.

FIG. 6 is a block diagram illustrating an example of data
encoding according to at least one example of the present
disclosure.

FIG. 7 is a block diagram illustrating another example of
data encoding according to at least one example in which
encoding flags are transmitted on the original data channels as
additional data bits appended to the end of the group of data
bits.

FIG. 8 is a block diagram illustrating another example of
data encoding according to at least one example in which one
set of encoding flags are transmitted on an additional channel
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and the other set of encoding flags are transmitted as addi-
tional data bits appended to the end of the group of data bits.

FIG. 9 is a block diagram illustrating another example of
data encoding according to at least one example in which
encoding flags are sent on an additional channel, where a
plurality of consecutive cycles of the additional channel are
associated with a respective data channel.

FIG. 10 is a block diagram illustrating another example of
data encoding according to at least one example in which
transition encoding flags and state encoding flags are sent on
the same additional channel.

FIG. 11 is a flow diagram illustrating a method operational
on an electronic device according to at least one example.

FIG. 12 is a flow diagram illustrating an example of a
process for performing the first encoding scheme of FIG. 11
based on the number of transitions according to at least one
implementation.

FIG. 13 is a flow diagram illustrating an example of a
process for performing the second encoding scheme of FIG.
11 based on the number of cycles having a particular state
according to at least one implementation.

FIG. 14 is a block diagram illustrating select components
of an electronic device according to at least one example.

FIG. 15 is a flow diagram illustrating a decoding method
operational on an electronic device according to at least one
example.

DETAILED DESCRIPTION

The description set forth below in connection with the
appended drawings is intended as a description of various
configurations and is not intended to represent the only con-
figurations in which the concepts and features described
herein may be practiced. The following description includes
specific details for the purpose of providing a thorough under-
standing of various concepts. However, it will be apparent to
those skilled in the art that these concepts may be practiced
without these specific details. In some instances, well known
circuits, structures, techniques and components are shown in
block diagram form to avoid obscuring the described con-
cepts and features.

Referring now to FIG. 1, a block diagram is shown illus-
trating an example of a system environment in which one or
more aspects of the present disclosure may find application.
The system 100 includes a first electronic device 102 and a
second electronic device 104 communicatively coupled to
each other by a parallel data bus 106. The first electronic
device 102 is shown as a transmitter (or the transmitting
device) and includes a transmission unit 108 with an encoder
110 and adapted to send encoded data bits from the first
electronic device 102 to the second electronic device 104 over
the data bus 106. The second electronic device 104 accord-
ingly includes a receiver unit 112 with a decoder 114 for
receiving and decoding the encoded data bits. In some
examples, the data bus 106 may be a unidirectional bus. In
other examples, the data bus 106 may be a bidirectional bus,
in which case the second electronic device 104 may also
include a transmission unit 116 adapted to send data bits over
the data bus 106 to the receiver unit 118 of the first electronic
device 102.

The first and second electronic devices 102, 104 may be
any devices that can communicate using single-ended signal-
ing. In various examples, the first and second electronic
devices 102, 104 may be components in a computer system.
For example, in some embodiments, the electronic device 102
may be a processing unit, the second electronic device 104
may be a memory module, and the data bus 104 may be a
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system bus. In at least one example, a memory controller
interface (e.g., a physical memory interface circuit PHY) of
the processor and a memory module may include respective
transmission and receiver units to perform write and read
operations. The processor may be any suitable type of pro-
cessing unit, such as a central processing unit (CPU), a co-
processor, an arithmetic processing unit, a graphics process-
ing unit (GPU), a digital signal processor (DSP), etc. The
memory module may also be any suitable type of memory. In
some embodiments, the second electronic device 104 may be
another type of device, such as a bridge controller, a storage
device (e.g., hard drive, optical drive, flash drive, storage
array, etc.), a network interface device (e.g., to a local or
wide-area network), a user interface device (e.g., display
device, sound device, printer), etc. In some examples, the first
and second electronic devices 102, 104 may be separate cores
within a processing unit or separate processing units in a
system. Accordingly, in at least one example, the system 100
may be a communication network, where the first and second
electronic devices 102, 104 may be routers, switches, end
devices, etc. Thus, in general, the first and second electronic
devices 102, 104 may be any suitable devices adapted to send
and/or receive data bits over a data bus 106.

The data bus 106 may include approximately parallel con-
ductive traces or lines that may be referred to as channels 108,
and these channels 108 can be coupled at each end to respec-
tive pins in the electronic devices 102 and 104. The number of
channels 108 of the data bus 106 may vary according to
different embodiments. By way of example only, the data bus
106 may include 4, 8, 16,32, 64,72, etc. data channels 108, as
well as additional channels 108 to transmit control signals in
parallel with the data bits. For example, a data bus 106 may
have 72 data channels and 8 control channels for a total of 80
channels 108. The data bus may additionally support an
accompanying clocking topology.

The data bits transmitted over the channels 108 are binary
data bits including ones (1s) and zeros (0s), or high and low
voltages. FIG. 2 is a block diagram 200 illustrating an
example of data bits transmitted over different channels of a
data bus 106. As illustrated, each row represents a separate
data channel, with eight data bits or cycles shown as trans-
mitted on each channel. The odd-numbered cycles or bits are
shaded simply to facilitate easier viewing.

As the data bits are transmitted over the data bus 106, the
data bits are typically subject to inter-symbol interference
(ISI), crosstalk, and simultaneous switching noise (SSN) that
can alter the amplitude and timing of the data bits. Often, the
data bits may be encoded to reduce the effects of ISI,
crosstalk, and/or SSN using various techniques of data encod-
ing. One specific form of data encoding is often referred to as
Data Bus Inversion (DBI).

Data bus inversion is a feature that employs circuitry to
look at the relationship between bits to be transmitted, and
then decide if it would be advantageous to invert some or all
of the bits prior to transmission. If the bits are inverted, an
additional signal is also set to indicate that the bits are
inverted. This additional signal is often referred to as a data
bus inversion (DBI) flag or an encoding flag. An extra channel
can be used so the DBI flag can be sent in parallel with the
other bits to identify to the receiving circuitry which sets of
data have been inverted. The receiver uses the DBI flag to
return the incoming data to its original state.

There are generally two types of data bus inversion tech-
niques used for DBI encoding. The first technique, which may
be referred to by those of skill in the art as DBI AC or
minimum transitions, is used to reduce the number of transi-
tions on a data channel (e.g., changes from a zero to a one, or
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from one to zero) to improve AC power and reduce issues
from crosstalk, etc. FIG. 3 is a block diagram illustrating an
example of conventional DBI AC encoding. On the left is the
raw data from FIG. 2, and the right-side shows the resulting
encoded data. DBI AC encoding is typically employed to
reduce the number of simultaneous transitions. In the raw
data, there are a total of 34 transitions through the eight cycles
on all eight channels of the data bus 106. As shown, when a
device determines that the data scheduled for transmission on
more than half of the data channels have a transition from one
cycle to the next, then the device can invert the next cycle on
all the data channels. For instance, from cycle 2 to cycle 3,
seven of the eight data channels have a transition, either from
aoneto a zero or from a zero to a one. Accordingly, the device
can invert cycle 3, so that only one of the eight data channels
will have a transition. Additionally, a DBI flag is set at cycle
3 on the DBI control channel identified as channel 9 in FIG. 3.
In this example, the number of transitions in the data trans-
mitted on the data bus 106 decreases from 34 to 25, but the
number of ones (e.g., logic HIGH signals) transmitted on the
data bus 106 increases from 31 to 32.

The second technique for data bus inversion, which may be
referred to as DBI DC, minimum ones, or minimum Zeros, is
used to reduce the number of data bits of a particular state
(e.g., reduce the number of ones or the number of zeros). F1G.
4 is a block diagram illustrating an example of conventional
DBI DC encoding. Once again, the diagram on the left is the
raw data from FIG. 2 and the diagram on the right illustrates
the resulting encoded data. DBI DC encoding is typically
employed to reduce the number of data bits having a particu-
lar state. For instance, in this example the DBI DC is
employed to reduce number of ones (or logical HIGH signals)
transmitted on the data bus 106. As shown, when a device
determines that more than half of the data channels have a
logical HIGH signal (a one) on a given cycle, then the device
can invert the cycle for all data channels. For instance, cycle
1in the raw data has logical HIGH signals (ones) on five of the
eight data channels. Accordingly, the device can invert cycle
1 on each of the data channels so that only three of the eight
data channels will transmit a logical HIGH signal (a one).
Additionally, a DBI flag is set at cycle 1 on the DBI control
channel identified as channel 9 in FIG. 4. In this example, the
number of ones (e.g., logical HIGH signals) transmitted on
the data bus 106 is reduced from 31 to 22. The number of
transitions also decreases from 34 to 28 in this example,
although this example is not typical for this technique. Gen-
erally, this technique results in an increase in the number of
transitions.

These described DBI techniques are generally able to opti-
mize one aspect, but at the expense of the other aspect. For
example, reduction in transitions typically results in
increased ones (e.g., logical HIGH signals). Similarly, reduc-
tion in ones (e.g., logical HIGH signals) typically results in an
increase to the number of transitions. DBI techniques have
been unable to optimize both the number of transitions and
the number of cycles having a particular state (e.g., the num-
ber of 1s or 0s).

According to at least one aspect of the present disclosure,
electronic systems include one or more electronic devices
adapted to employ data encoding techniques capable of facili-
tating a reduction to the number of transitions and the number
of bits having a particular state (e.g., either one or zero).
Turning to FIG. 5, a block diagram is shown illustrating select
components of an electronic device 500, such as the first or
second electronic device 102, 104 from FIG. 1 according to at
least one example of the present disclosure. A transmission
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unit 502 of the electronic device 500 includes an encoder 504
adapted to transmit data bits over a plurality of channels of a
data bus 506.

The encoder 504 generally includes circuitry and/or pro-
gramming adapted to perform a first encoding scheme to a
plurality of data bits based on a number of transitions in the
data bits, and perform a second encoding scheme to the same
plurality of data bits based on a number of data bits having a
predetermined state (e.g., a one or a zero). According to at
least one example, the encoder 504 may be coupled to a
plurality of data channels of the data bus 506 by a data bus
interface 508, and may include a processing circuit 510
coupled to or placed in electrical communication with the
data bus interface 508 and a storage medium 512.

The processing circuit 510 is arranged to obtain, process
and/or send data, control data access and storage, issue com-
mands, and control other desired operations. The processing
circuit 510 may include circuitry adapted to implement
desired programming provided by appropriate media in at
least one example. In some instances, the processing circuit
510 may include circuitry adapted to perform a desired func-
tion, with or without implementing programming. By way of
example, the processing circuit 510 may be implemented as
one or more processors, one or more controllers, and/or other
structure configured to execute executable programming and/
or perform a desired function. Examples of the processing
circuit 510 may include a general purpose processor, a digital
signal processor (DSP), an application specific integrated
circuit (ASIC), a field programmable gate array (FPGA) or
other programmable logic component, discrete gate or tran-
sistor logic, discrete hardware components, or any combina-
tion thereof designed to perform the functions described
herein. A general purpose processor may include a micropro-
cessor, as well as any conventional processor, controller,
microcontroller, or state machine. The processing circuit 510
may also be implemented as a combination of computing
components, such as a combination of a DSP and a micro-
processor, a number of microprocessors, one or more micro-
processors in conjunction with a DSP core, an ASIC and a
microprocessor, or any other number of varying configura-
tions. These examples of the processing circuit 510 are for
illustration and other suitable configurations within the scope
of the present disclosure are also contemplated.

The processing circuit 510 is adapted for processing,
including the execution of programming, which may be
stored on the storage medium 512. As used herein, the term
“programming” shall be construed broadly to include without
limitation instructions, instruction sets, code, code segments,
program code, programs, subprograms, software modules,
applications, software applications, software packages, rou-
tines, subroutines, objects, executables, threads of execution,
procedures, functions, etc., whether referred to as software,
firmware, middleware, microcode, hardware description lan-
guage, or otherwise.

In some instances, the processing circuit 510 may include
a transition detector 514, a state detector 516, and an invertor
518. The transition detector 514 may include circuitry and/or
programming (e.g., the transition detection operations 520
stored on the storage medium 512) adapted to evaluate a
group of data bits (e.g., predetermined number of consecutive
data bits prepared for transmission on a common data chan-
nel) to determine how many transitions will occur. The state
detector 516 may include circuitry and/or programming (e.g.,
the state detection operations 522 stored on the storage
medium 512) adapted to evaluate the same group of data bits
to determine how many data bits exhibit a predetermined state
(e.g., a one or a zero). Further, the invertor 518 may include
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circuitry and/or programming (e.g., the invert operations 524
stored on the storage medium 512) adapted to invert at least
some of the data bits within the group of data bits when the
number of transitions is determined by the transition detector
514 to be above a transition threshold, and to invert the group
of data bits when the number of data bits exhibiting the
predetermined state is determined by the state detector 516 to
be above a state threshold. The invertor 518 can further pro-
vide a transition flag (e.g., a transition DBI flag, or transition
encoding flag) to indicate whether the group of data bits has
been inverted for transitions and a state flag (e.g., a state DBI
flag, or state encoding flag) to indicate whether the group of
data bits has been inverted for ones or zeros.

The storage medium 512 may represent one or more pro-
cessor-readable devices for storing programming, electronic
data, databases, or other digital information. The storage
medium 512 may also be used for storing data that is manipu-
lated by the processing circuit 510 when executing program-
ming. The storage medium 512 may be any available media
that can be accessed by the processing circuit 510, including
portable or fixed storage devices, optical storage devices, and
various other mediums capable of storing, containing and/or
carrying programming By way of example and not limitation,
the storage medium 512 may include a processor-readable
storage medium such as a magnetic storage device (e.g., hard
disk, floppy disk, magnetic strip), an optical storage medium
(e.g., compact disk (CD), digital versatile disk (DVD)), a
smart card, a flash memory device (e.g., card, stick, key
drive), random access memory (RAM), read only memory
(ROM), programmable ROM (PROM), erasable PROM
(EPROM), electrically erasable PROM (EEPROM), a regis-
ter, a removable disk, and/or other mediums for storing pro-
gramming, as well as any combination thereof.

The storage medium 512 may be coupled to the processing
circuit 510 such that the processing circuit 510 can read
information from, and write information to, the storage
medium 512. That is, the storage medium 512 can be coupled
to the processing circuit 510 so that the storage medium 512
is at least accessible by the processing circuit 510, including
examples where the storage medium 512 is integral to the
processing circuit 510 and/or examples where the storage
medium 512 is separate from the processing circuit 510.

Programming stored by the storage medium 512, when
executed by the processing circuit 510, causes the processing
circuit 510 to perform one or more of the various functions
and/or process steps described herein. For example, the stor-
age medium 512 may include transition detection operations
520, state detection operations 522, and invert operations 524.
Thus, according to one or more aspects of the present disclo-
sure, the processing circuit 510 is adapted to perform (in
conjunction with the storage medium 512) any or all of the
processes, functions, steps and/or routines for any or all ofthe
electronic devices described herein (e.g., first electronic
device 102, second electronic device 104, electronic device
500). As used herein, the term “adapted” in relation to the
processing circuit 510 may refer to the processing circuit 510
being one or more of configured, employed, implemented,
and/or programmed (in conjunction with the storage medium
512) to perform a particular process, function, step and/or
routine according to various features described herein.

In operation, the encoder 504 is adapted to employ data
encoding techniques capable of facilitating a reduction to the
number of transitions by employing transition inversion
encoding, and the number of bits having a particular state
(e.g., either one or zero) by employing state inversion encod-
ing. In one example, the encoder 504 can perform transition
inversion encoding on each channel, followed by state inver-
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sion encoding on each channel. FIG. 6 is a block diagram
illustrating such an example. On the left is the raw data from
FIG. 2. The middle shows the group of data bits after transi-
tion inversion (TI) encoding, and the right-side shows the
encoded group of data bits following state inversion encod-
ing.

Asnoted, the encoder 504 (e.g., the transition detector 514)
can initially determine how many data cycles represent tran-
sitions on each data channel for a group of data bits including
a predetermined number of cycles. In this example, the pre-
determined number of cycles is shown as eight cycles or data
bits, although the specific number may vary as desired. If the
number of transitions over the predetermined number of
cycles is determined to be more than half (V2) the number of
total cycles (e.g., more than 4 transitions over 8 cycles), then
the encoder 504 (e.g., the invertor 518) can invert every other
bit in the group of data bits for that data channel.

More specifically, the data bits on each data channel is
evaluated to determine the number of transitions over the
eight cycles. In the depicted example, the first data channel
(channel 1) shows five (5) transitions over the eight cycles.
Because this is larger than 4 (i.e., half the number of cycles),
the encoder 504 can invert every other cycle on the data
channel (channel 1). In this example, bits 2, 4, 6, and 8 are
inverted, although other examples may invert bits 1, 3, 5, and
7. By inverting every other bit as shown, the data channel
(channel 1) has only two transitions, as shown in the middle
column for channel 1. To indicate that an inversion has
occurred on the first data channel, the encoder 504 (e.g., the
invertor 518) is adapted to set an encoding flag (or T1 encod-
ing flag) to be transmitted. In this example, the TI encoding
flag is set on the first bit of the flag channel (e.g., the first bit
on channel 9 is set to a one or logic HIGH signal). In this
example, the bit number of the flag channel (channel 9) cor-
responds to a specific data channel.

The encoder 504 further evaluates each of the remaining
data channels (e.g., channels 2 through 8) for transitions over
the eight-bit group. In this example, channels 3, 4, and 8 are
also partially inverted (e.g., every other bit is inverted) in a
manner similar to channel 1. Further, the corresponding bits
3, 4, and 8 of the flag channel (channel 9) are also set to
transmit a TI encoding flag. As shown in the middle column in
FIG. 6, the result of this first step is a reduction in the number
of transitions across the group of data bits from 34 in the
original group of data bits to 26 in the encoded group of data
bits in the middle column.

With the transition inversion encoding completed, the
encoder 504 (e.g., the state detector 516) can evaluate the data
bits on each data channel resulting from the transition inver-
sion encoding to determine how many data bits exhibit a
predefined state (e.g. a one or a zero). In this example, the
encoder 504 can evaluate each data channel to determine how
many ones (e.g., logic HIGH signals) occur for the encoded
group of data bits. If the number of ones in the encoded data
bits for each data channel is more than half (12) the number of
total cycles (e.g., more than 4 data bits with a one or logic
HIGH signal over 8 cycles), then the encoder 504 (e.g., inver-
tor 518) can invert all the bits on that data channel.

More specifically, the encoder 504 can evaluate each of the
transition inversion encoded data channels. In the example in
FIG. 6, the fourth data channel (channel 4) has five (5) data
bits set to one (e.g., with a logic HIGH signal) in the middle
column. That is, data bits 1, 2, 3, 7, and 8 on channel 4 are all
set to a one after the transition inversion encoding (as shown
in the middle column) Accordingly, the encoder 504 can
invert all of the data bits in the fourth data channel (e.g.,
channel 4), reducing the number of data bits set to a one (e.g.,
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a logic HIGH signal) from five to three for that data channel.
As shown, the sixth data channel (channel 6) can be similarly
inverted. To indicate that an inversion has occurred for the
state inversion (SI) encoding on data channels 4 and 6, a
second flag channel (channel 10) is used in a manner similar
to the first flag channel (channel 9). Thus, the encoder 504
will set data bits 4 and 6 on the second flag channel (channel
10) to a logic HIGH signal (a one) to indicate that the corre-
sponding data channels 4 and 6 have been inverted at the state
inversion encoding stage. In this example, the resulting group
of'data bits (on the left-hand side in FIG. 6) includes a number
of ones reduced from 31 to 25 and the number of transitions
reduced from 34 to 30.

In the example in FIG. 6, two additional data bus channels
are employed to transmit the TT and SI encoding flags, such
that the group of data bits results in eight data cycles on ten
channels. As noted above, the number of data cycles may vary
as desired. In addition, other embodiments may use alterna-
tive means to transmit the encoding flags. For example, FI1G.
7 illustrates another embodiment in which the DBI flags are
transmitted on the original data channels as additional data
bits appended to the end of the group of data bits. For
example, a one or a zero is added as data bit 9 (or cycle 9) to
indicate whether the channel has been inverted as part of the
transition inversion encoding. As shown in FIG. 7, a one is
sent in cycle 9 on channels 1, 3, 4, and 8 to indicate that every
other bit has been inverted on these channels, and a zero is
sent in cycle 9 on the other channels to indicate that every
other bit has not been inverted on these channels. Another one
or zero is also added as data bit or cycle 10 on each channel to
indicate whether the channel has been inverted as part of state
inversion encoding. In this example, the encoder 504 can take
into account the TT encoding flag in cycle 9 for each channel.
As shownin FIG.7,a oneis sent in cycle 10 on channels 4 and
6 to indicate that data bits 1 through 9 have been inverted on
these two channels, and a zero is sent on cycle 10 on the other
channels to indicate that data bits 1 through 9 have not been
inverted on these channels. In this example, the group of data
bits results in ten data cycles on eight data channels. Such
embodiments can provide additional encoding by taking into
account the TT encoding flag bits in cycle 9 when performing
the state inversion encoding.

FIG. 8 is a block diagram illustrating yet another embodi-
ment in which one set of encoding flags are transmitted on an
additional channel (channel 9) and the other set of encoding
flags are transmitted as additional data bits appended to the
end of the group of data bits. For example, a one or a zero is
sent in a cycle on a new channel (channel 9) to indicate
whether the channel corresponding to the cycle has been
inverted as part of the transition inversion encoding. As
shown in FIG. 8, a one is sent in cycles 1, 3, 4, and 8 on
channel 9 to indicate that every other bit has been inverted on
the corresponding channels 1, 3, 4, and 8, and a zero is sent in
the other cycles on channel 9 to indicate that every other bit
has not been inverted on the channels corresponding to those
cycles. Further, a one or zero is added as data bit or cycle 9 on
each of the channels, including channel 9, to indicate whether
the channel has been inverted as part of state inversion encod-
ing. As shown in FIG. 8, a one is sent in cycle 9 on channels
4 and 6 to indicate that data bits 1 through 8 have been
inverted on these two channels, and a zero is senton cycle 9 on
the other channels to indicate that data bits 1 through 8 have
not been inverted on these channels. In this example, the
group of data bits is expanded to nine data cycles on nine data
channels. Such embodiments can provide additional encod-
ing by taking into account the T encoding flag bits in channel
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9 when performing the state inversion encoding, as well as
only increasing the cycle size by one cycle.

In some embodiments, it may occur that the number of data
bits or cycles in the group of data bits is twice the size of the
number of channels. For instance, FIG. 9 illustrates an
example in which a group of data bits consists of eight cycles
conveyed over four channels. In this example, instead of
sending the encoding flags in the first or last four cycles and
having unused cycles in the encoding flag channel, the
encoder 504 can spread the flags over all eight cycles by
associating two cycles with each channel. For example, tran-
sition inversion encoding is applied to the first and third
channels (channel 1 and channel 3) in FIG. 9. As shown, the
TI encoding flag for channel 1 is set by transmitting a one in
both the first and second cycles on channel 5. Similarly, the T1
encoding flag for channel 3 is set by transmitting a one in both
the fifth and sixth cycles on channel 5. The encoding flags for
state inversion encoding follow a similar configuration. For
example, where channel 4 is inverted for state inversion
encoding, the SI encoding flag is set by sending a one in
cycles 7 and 8 on channel 6. Thus, the TI and SI encoding
flags are adapted to extend two cycles for each channel.

In another embodiment, depicted in FIG. 10, the group of
data bits again consists of eight cycles conveyed over four
channels. In this example, the encoder 504 can use a single
additional channel for the TT and SI encoding flags, where two
cycles in the added data channel are associated with each data
channel. That is, like the example in FIG. 9, cycles 1 and 2 of
channel 5 are associated with channel 1, cycles 3 and 4 are
associated with channel 2, cycles 5 and 6 are associated with
channel 3, and cycles 7 and 8 are associated with channel 4. In
this example, however, the first cycles in channel 5 associated
with each of the data channels can be used to indicate transi-
tion inversion encoding, and the second cycles in channel 5
associated with each of the data channels can be used to
indicate state inversion encoding.

More specifically, the transition inversion encoding is
applied to channel 1 and channel 3 in the depicted example.
Accordingly, a one is placed in cycles 1 and 5 on channel 5 to
indicate that transition inversion encoding has been applied to
channels 1 and 3. Additionally, a zero is placed in cycles 3 and
7 to indicate that no inversion has been performed on channels
2 and 4 during transition inversion encoding. An ‘x’ is shown
in cycles 2, 4, 6, and 8 on channel 5 to indicate that these
cycles are irrelevant to the TI encoding flags. In the state
inversion encoding step, channel 4 is inverted, while channels
1 through 3 are unchanged. Accordingly, a one is applied to
cycle 8 on channel 5 to indicate that channel 4 has been
inverted during state inversion encoding, and a zero is applied
to cycles 2, 4, and 6 on channel 5 to indicate that channel 1,
channel 2, and channel 3 have not been inverted during state
inversion encoding. In this example, the encoding flags for
both transition inversion encoding and state inversion encod-
ing can be transmitted on a single added channel.

It is noteworthy that, although each of these examples
depicts transition inversion encoding being performed first,
followed by state inversion encoding performed on the tran-
sition inversion encoded data bits, these encoding steps can be
switched so that the state inversion encoding is performed
first and transition inversion encoding is performed on the
data bits resulting from the state inversion encoding.

FIG. 11 is a flow diagram illustrating at least one example
of'a method operational on an electronic device, such as the
electronic device 500 in FIG. 5. Referring to FIGS. 5and 11,
an electronic device 500 can perform a first encoding scheme
on a group of data bits to be transmitted over a data bus, at
block 1102. The first encoding scheme can be performed, in at
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least one example, based on a number of transitions within the
group of data bits. For example, the processing circuit 510 of
the encoder 504 may perform the first encoding scheme on the
group of data bits based on the number of transitions within
the group.

FIG. 12 is a flow diagram illustrating an example of a
process for performing the first encoding scheme based on the
number of transitions at block 1102 of FIG. 11 according to at
least one implementation. In general, the processing circuit
510 of the encoder 504 can determine the number of transi-
tions on each of a plurality of data channels of the data bus
506, and invert every other cycle on each data channel having
a number of transitions above a transition threshold. For
example, the process may begin by identitying a first data
channel for the group of data bits at operation 1202. At opera-
tion 1204, the transition detector 514 executing the transition
detection operations 520 can evaluate the data channel to
determine the number of transitions on the data channel over
a predefined number of cycles. As noted previously, the pre-
defined number of cycles may vary according to the imple-
mentation. The examples described herein include imple-
mentations of eight cycles on each data channel, but other
numbers of cycles may be employed.

At decision diamond 1206, the transition detector 514
executing the transition detection operations 520 can deter-
mine whether the number of transitions detected for the data
channel is above a transition threshold. In at least one
example, the transition threshold may be half the number of
cycles evaluated at operation 1204. For instance, if the num-
ber of cycles evaluated on the data channel at operation 1204
is eight cycles, then the transition threshold may be four.
Accordingly, if five or more transitions are detected at opera-
tion 1204, then the transition detector 514 executing the tran-
sition detection operations 520 can determine that the number
of transitions is above the transition threshold at decision
diamond 1206.

When the number of detected transitions over the pre-
defined number of cycles is above the transition threshold, the
invertor 518 executing the invert operations 524 can invert
every other cycle of the data channel at operation 1208. That
is, the invertor 518 executing the invert operations 524 can
invert every other data bit over the predefined number of
cycles in a manner similar to that described above with ref-
erence to FIG. 6 for the transition inversion encoding.

At operation 1210, the invertor 518 executing the invert
operations 524 further sets a respective transition inversion
(TT) encoding flag for the data channel to indicate whether or
not every other cycle of the data channel has been inverted.
For example, a one (or logic HIGH signal) may be set to
indicate that every other cycle of the data channel has been
inverted, and a zero (or logic LOW signal) may be set to
indicate that every other cycle ofthe data channel has notbeen
inverted, such as when the answer at decision diamond 1206
is no.

As described herein above with reference to FIGS. 6
through 10, the TI encoding flag may be set in various loca-
tions. For example, as described above with reference to
FIGS. 6, 8, 9, and 10, the TI encoding flag may be set as data
bits or cycles in an additional data channel (which may also be
referred to as a flag channel). In some instances, such as in the
examples described above with reference to FIGS. 6 and 8,
each data bit or cycle of the additional data channel is asso-
ciated with a respective data channel. In other instances, such
as in the example described above with reference to FIG. 9,
two or more consecutive cycles on the additional data channel
are associated with a respective data channel. In still other
instances, such as in the example described above with ref-
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erence to FIG. 10, the TT encoding flags can be set on the same
additional data channel that will be used to set the state
inversion (SI) encoding flags. In other examples, as described
above with reference to FIG. 7, the TI encoding flag may be
set as an additional cycle appended to the respective data
channel.

Referring still to FIG. 12, the transition detector 514
executing the transition detection operations 520 can deter-
mine whether there is another data channel to be evaluated for
transitions at decision diamond 1212. If there is another data
channel, the process can return to operation 1202 where the
next data channel is selected for evaluation. If there are no
more data channels, the process may be ended.

Referring back to FIGS. 5 and 11, the electronic device 500
can perform a second encoding scheme on the same group of
data bits based on a number of data bits within the group of
data bits exhibiting a predetermined state, at block 1104. For
example, the processing circuit 510 of the encoder 504 may
perform the second encoding scheme on the group of data bits
based on the number of data bits within the group that are set
to the predetermined state.

FIG. 13 is a flow diagram illustrating an example of a
process for performing the second encoding scheme based on
the number of cycles having a particular state at block 1104 of
FIG. 11 according to at least one implementation. In general,
the processing circuit 510 of the encoder 504 can determine
the number of cycles set to a predetermined state on each of a
plurality of data channels of the data bus 506, and invert the
cycles on each data channel having a number of cycles set to
the predetermined state above a state threshold. For example,
the process may begin by identifying a first data channel at
operation 1302. At operation 1304, the state detector 516
executing the state detection operations 522 can evaluate the
data channel to determine the number of cycles set to the
predetermined state (e.g., set to a one or a zero) on the data
channel over the predefined number of cycles. In implemen-
tations where the first encoding scheme is performed before
the second encoding scheme, the state detector 516 executing
the state detection operations 522 will evaluate the data bits
resulting from the first encoding scheme on the data channel.

Atdecision diamond 1306, the state detector 516 executing
the state detection operations 522 can determine whether the
number of cycles set to the predetermined state on the data
channel is above a state threshold. In at least one example, the
state threshold may be half the number of cycles evaluated at
operation 1304. For instance, if the number of cycles evalu-
ated on the data channel at operation 1304 is eight cycles, then
the state threshold may be four. Accordingly, if five or more
cycles are detected at operation 1304 to be set to the prede-
termined state, then the state detector 516 executing the state
detection operations 522 can determine that the number of
cycles set to the predetermined state is above the state thresh-
old at decision diamond 1306.

‘When the number of data bits set to the predetermined state
over the predefined number of cycles is above the state thresh-
old, the invertor 518 executing the invert operations 524 can
invert the cycles of the data channel at operation 1308. That is,
the invertor 518 executing the invert operations 524 can invert
the data bits over the predefined number of cycles in a manner
similar to that described above with reference to FIG. 6 for the
state inversion encoding.

At operation 1310, the invertor 518 executing the invert
operations 524 further sets a respective state inversion (SI)
encoding flag for the data channel to indicate whether or not
the cycles of the data channel have been inverted. For
example, a one (or logic HIGH signal) may be set to indicate
that the cycles of the data channel have been inverted. Con-
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versely, a zero (or logic LOW signal) may be set to indicate
that the cycles of the data channel have not been inverted,
such as when the answer at decision diamond 1306 is no.

As described herein above with reference to FIGS. 6
through 10, the SI encoding flag may be set in various loca-
tions according to different implementations. For example, as
described above with reference to FIGS. 6, 9, and 10, the SI
encoding flags may be set as data bits or cycles in an addi-
tional data channel (which may also be referred to as a flag
channel). In some instances, such as in the example described
above with reference to FIG. 6, each data bit or cycle of the
additional data channel is associated with a respective data
channel. In other instances, such as in the example described
above with reference to FIG. 9, two or more consecutive
cycles on the additional data channel are associated with a
respective data channel. In still other instances, such as in the
example described above with reference to FIG. 10, the SI
encoding flags can be set on the same additional data channel
that is used to set the transition inversion (T1) encoding flags.
In other examples, as described above with reference to FIGS.
7 and 8, the SI encoding flag may be set as an additional cycle
appended to the respective data channel.

Referring still to FIG. 13, the state detector 516 executing
the state detection operations 522 can determine whether
there is another data channel to be evaluated for transitions at
decision diamond 1312. If there is another data channel, the
process can return to operation 1302 where the next data
channel is selected for evaluation. If there are no more data
channels, the process may be ended.

Referring again to FIGS. 5 and 11, the electronic device
500 can transmit the group of encoded data bits on a plurality
of data channels of the data bus, at block 1106. For example,
the processing circuit 510 of the encoder 504 may transmit
each channel of the encoded data bits on at least some of the
data channels of the data bus, via the data bus interface 508.

Turning to FIG. 14, a block diagram is shown illustrating
select components of an electronic device 1400, such as the
first or second electronic device 102, 104 from FIG. 1, accord-
ing to at least one example of the present disclosure. A
receiver unit 1402 of the electronic device 1400 includes a
decoder 1404 adapted to receive encoded data bits transmit-
ted over a plurality of channels of a data bus 1406.

The decoder 1404 generally includes circuitry and/or pro-
gramming adapted to decode a first encoding scheme for a
plurality of data bits and a second encoding scheme for the
same plurality of data bits. That is, the decoder is adapted to
undo the encoding performed by an encoder, such as the
encoder 504 and any of the encoding schemes described
above. According to at least one example, the decoder 1404
may be coupled to a plurality of data channels of the data bus
1406 by a data bus interface 1408, and may include a pro-
cessing circuit 1410 coupled to or placed in electrical com-
munication with the data bus interface 1408 and a storage
medium 1412.

The processing circuit 1410 is arranged to obtain, process
and/or send data, control data access and storage, issue com-
mands, and control other desired operations. The processing
circuit 1410 may include circuitry configured to perform a
desired function and/or implement desired programming pro-
vided by appropriate media. The processing circuit 1410 may
be implemented and/or configured according to any of the
examples of the processing circuit 510 described above.

The processing circuit 1410 may include an invertor 1414.
The invertor 1414 may include circuitry and/or programming
(e.g., the invert operations 1416 stored on the storage medium
1412) adapted to invert received data bits back to their origi-
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nal state according to state encoding flags and transition
encoding flags included with the received data bits.

The storage medium 1412 may represent one or more
processor-readable devices for storing programming, such as
processor executable code or instructions (e.g., software,
firmware), electronic data, databases, or other digital infor-
mation. The storage medium 1412 may be configured and/or
implemented in a manner similar to the storage medium 512
described above.

The storage medium 1412 may be coupled to the process-
ing circuit 1410 such that the processing circuit 1410 can read
information from, and write information to, the storage
medium 1412. That is, the storage medium 1412 can be
coupled to the processing circuit 1410 so that the storage
medium 1412 is at least accessible by the processing circuit
1410, including examples where the storage medium 1412 is
integral to the processing circuit 1410 and/or examples where
the storage medium 1412 is separate from the processing
circuit 1410.

Like the storage medium 512, the storage medium 1412
includes programming stored thereon. The programming
stored by the storage medium 1412, when executed by the
processing circuit 1414, causes the processing circuit 1414 to
perform one or more of the various decoding functions and/or
process steps described herein. For example, the storage
medium 1412 may include invert operations 1416 adapted to
cause the processing circuit 1412 to invert received data bits
back to their original state according to the various encoding
flags included with the received data. Thus, according to one
or more aspects of the present disclosure, the processing
circuit 1410 is adapted to perform (in conjunction with the
storage medium 1412) any or all of the decoding processes,
functions, steps and/or routines for any or all of the electronic
devices described herein (e.g., electronic devices 102, 104,
and 1400). As used herein, the term “adapted” in relation to
the processing circuit 1410 may refer to the processing circuit
1410 being one or more of configured, employed, imple-
mented, and/or programmed (in conjunction with the storage
medium 1412) to perform a particular process, function, step
and/or routine according to various features described herein.

FIG. 15 is a flow diagram illustrating at least one example
of a decoding method operational on an electronic device,
such as the electronic device 1400. Referring to FIGS. 14 and
15, an electronic device 1400 may receive a group of data bits
on a plurality of data channels of a data bus at 1502. For
example, the processing circuit 1410 (e.g., the invertor 1414)
executing the invert operations 1416 may receive a predeter-
mined number of data bits over a plurality of data channels of
the data bus 1406 via the data bus interface 1408. The group
of'data bits includes encoded data bits as well as a plurality of
encoding flags. For instance, in the examples described above
with reference to FIGS. 6 through 10, the electronic device
1400 can receive an encoded group of data bits like those set
forth on the far right sides of each respective figure.

At 1504, the electronic device 1400 can decode the group
of data bits for a first encoding scheme. For example, the
processing circuit 1410 (e.g., the invertor 1414) executing the
invert operations 1416 can identify the encoding flags asso-
ciated with the last employed encoding scheme. Referring to
the examples described hereinabove with reference to FIGS.
6 through 10, the processing circuit 1410 (e.g., the invertor
1414) executing the invert operations 1416 can identify the
state inversion (SI) encoding flags associated with each data
channel. As noted above, the SI encoding flags may be
included in an additional channel or in an additional cycle on
each channel. For each channel indicated by the SI encoding
flags to have been inverted, the processing circuit 1410 (e.g.,
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the invertor 1414) executing the invert operations 1416 can
invert the data bits. Thus, for instance, in FIG. 6, data channel
10 indicates that data channels 4 and 6 have been inverted.
Accordingly, the processing circuit 1410 (e.g., the invertor
1414) executing the invert operations 1416 can invert the
received group of data bits from the far right-side to obtain the
group of data bits shown in the middle for each of the chan-
nels.

At 1506, the electronic device 1400 can decode the group
of data bits for a second encoding scheme. For example, the
processing circuit 1410 (e.g., the invertor 1414) executing the
invert operations 1416 can identify the encoding flags asso-
ciated with the first employed encoding scheme. Referring to
the examples described above with reference to FIGS. 6
through 10, the processing circuit 1410 (e.g., the invertor
1414) executing the invert operations 1416 can identify the
transition inversion (T1) encoding flags associated with each
data channel. As noted above, the TI encoding flags may be
included in an additional channel or in an additional cycle on
each channel. For each channel indicated by the TT encoding
flags to have been inverted, the processing circuit 1410 (e.g.,
the invertor 1414) executing the invert operations 1416 can
invert every other data bit back to its original state. Thus,
continuing with the example in FIG. 6, data channel 9 indi-
cates that the data channels 1, 3, 4, and 8 were all encoded by
inverting every other data bit on each of those channels.
Accordingly, the processing circuit 1410 (e.g., the invertor
1414) executing the invert operations 1416 can invert every
other data bit in the partially decoded data shown in the
middle in FIG. 6 to obtain the group of data bits shown on the
left side of FIG. 6, which represents the original data bits.

Those of skill in the art will recognize that the order of
decoding will directly depend on the order in which the origi-
nal group of data bits was encoded. Thus, if the original group
of'data bits was encoded by state inversion encoding followed
by transition inversion encoding, then the decoder 1404 can
decode the received data bits by performing a decode for
transition inversion encoding followed by a decode for state
inversion encoding.

While the above discussed aspects, arrangements, and
embodiments are discussed with specific details and particu-
larity, one or more of the components, steps, features and/or
functions illustrated in F1GS. 1, 2,3,4,5,6,7,8,9,10,11,12,
13, 14, and/or 15 may be rearranged and/or combined into a
single component, step, feature or function or embodied in
several components, steps, or functions. Additional elements,
components, steps, and/or functions may also be added or not
utilized without departing from the present disclosure. The
apparatus, devices and/or components illustrated in FIGS. 1,
5, and/or 14 may be configured to perform or employ one or
more of the methods, features, parameters, and/or steps
described in FIGS. 2,3,4,6,7,8,9,10,11,12,13, and/or 15.
The novel algorithms described herein may also be efficiently
implemented in software and/or embedded in hardware.

While features of the present disclosure may have been
discussed relative to certain embodiments and figures, all
embodiments of the present disclosure can include one or
more of the advantageous features discussed herein. In other
words, while one or more embodiments may have been dis-
cussed as having certain advantageous features, one or more
of such features may also be used in accordance with any of
the various embodiments discussed herein. In similar fashion,
while exemplary embodiments may have been discussed
herein as device, system, or method embodiments, it should
be understood that such exemplary embodiments can be
implemented in various devices, systems, and methods.



US 9,270,417 B2

17

Also, it is noted that at least some implementations have
been described as a process that is depicted as a flowchart, a
flow diagram, a structure diagram, or a block diagram.
Although a flowchart may describe the operations as a
sequential process, many of the operations can be performed
in parallel or concurrently. In addition, the order of the opera-
tions may be re-arranged. A process is terminated when its
operations are completed. A process may correspond to a
method, a function, a procedure, a subroutine, a subprogram,
etc. When a process corresponds to a function, its termination
corresponds to a return of the function to the calling function
or the main function. The various methods described herein
may be partially or fully implemented by programming (e.g.,
instructions and/or data) that may be stored in a machine-
readable, computer-readable, and/or processor-readable stor-
age medium, and executed by one or more processors,
machines and/or devices.

Those of skill in the art would further appreciate that the
various illustrative logical blocks, modules, circuits, and
algorithm steps described in connection with the embodi-
ments disclosed herein may be implemented as hardware,
software, firmware, middleware, microcode, or any combi-
nation thereof. To clearly illustrate this interchangeability,
various illustrative components, blocks, modules, circuits,
and steps have been described above generally in terms of
their functionality. Whether such functionality is imple-
mented as hardware or software depends upon the particular
application and design constraints imposed on the overall
system.

The various features associate with the examples described
herein and shown in the accompanying drawings can be
implemented in different examples and implementations
without departing from the scope of the present disclosure.
Therefore, although certain specific constructions and
arrangements have been described and shown in the accom-
panying drawings, such embodiments are merely illustrative
and notrestrictive of the scope of the disclosure, since various
other additions and modifications to, and deletions from, the
described embodiments will be apparent to one of ordinary
skill in the art. Thus, the scope of the disclosure is only
determined by the literal language, and legal equivalents, of
the claims which follow.

What is claimed is:

1. Anelectronic device comprising at least one encoder, the
encoder comprising:

adata bus interface adapted to be coupled with a data bus to

facilitate a transmission of data bits; and

a processing circuit coupled with the data bus interface, the

processing circuit adapted to:

perform a first encoding scheme on a group of data bits
to be transmitted on a data bus via the data bus inter-
face to generate a first group of encoded data bits,
wherein the first encoding scheme is performed based
on a number of transitions within the group of data
bits; and

perform a second encoding scheme on the first group of
encoded data bits based on a number of data bits
within the first group of encoded data bits exhibiting a
predetermined state to generate a second group of
encoded data bits.

2. The electronic device of claim 1, wherein the processing
circuit adapted to perform the first encoding scheme on the
group of data bits comprises the processing circuit adapted to:

determine a number of transitions on each data channel of

a plurality of data channels on the data bus over a dura-
tion of a predetermined number of data bits; and
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invert every other data bit of the predetermined number of
data bits on a data channel when the number of transi-
tions on the data channel is determined to be above a
transition threshold.

3. The electronic device of claim 1, wherein the processing
circuit adapted to perform the second encoding scheme on the
first group of encoded data bits comprises the processing
circuit adapted to:

determine a number of data bits set to a predetermined state

on each data channel of a plurality of data channels on
the data bus over a duration of a predetermined number
of data bits; and

invert the data bits of the predetermined number of data bits

on a data channel when the number of data bits set to the
predetermined state on the data channel is above a state
threshold.

4. The electronic device of claim 1, wherein the processing
circuit is further adapted to:

set a plurality of first encoding flags to indicate which data

bits are encoded by the first encoding scheme; and

set a plurality of second encoding flags to indicate which

data bits are encoded by the second encoding scheme.

5. The electronic device of claim 4, wherein the first encod-
ing flags are either set as

data bits in an additional data channel, wherein each data

bit of the additional data channel is associated with a
respective data channel of the group of data bits, or
data bits added to each respective data channel.

6. The electronic device of claim 4, wherein the second
encoding flags are either set as

data bits in an additional data channel, wherein each data

bit of the additional data channel is associated with a
respective data channel of the group of data bits, or
data bits added to each respective data channel.

7. The electronic device of claim 1, wherein the processing
circuit is adapted to:

perform the second encoding scheme on the group of data

bits prior to performing the first encoding scheme on the
group of data bits.
8. A method operational on an electronic device, compris-
ing:
performing a first encoding scheme on a group of data bits
to be transmitted over a data bus to generate a first group
of encoded data bits, wherein the first encoding scheme
is performed based on a number of transitions within the
group of data bits; and
performing a second encoding scheme on the first group of
encoded data bits based on a number of data bits within
the first group of encoded data bits exhibiting a prede-
termined state to generate a second group of encoded
data bits.
9. The method of claim 8, wherein performing the first
encoding scheme on the group of data bits comprises:
determining a number of transitions on each data channel
of a plurality of data channels on the data bus over a
duration of a predetermined number of data bits; and

inverting every other data bit of the predetermined number
of data bits on a data channel when the number of tran-
sitions on the data channel is determined to be above a
transition threshold.

10. The method of claim 8, wherein performing the second
encoding scheme on the first group of encoded data bits
comprises:

determining a number of data bits set to a predetermined

state on each data channel of a plurality of data channels
on the data bus over a duration of a predetermined num-
ber of data bits; and
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inverting the data bits of the predetermined number of data
bits on a data channel when the number of data bits set to
the predetermined state on the data channel is above a
state threshold.

11. The method of claim 8, further comprising:

setting first encoding flags to indicate which data bits are

encoded by the first encoding scheme; and

setting second encoding flags to indicate which data bits

are encoded by the second encoding scheme.

12. The method of claim 11, wherein setting the first encod-
ing flags comprises:

setting data bits in an additional data channel, wherein each

data bit of the additional data channel is associated with
a respective data channel of the group of data bits, or
setting data bits added to each respective data channel.

13. The method of claim 11, wherein setting the second
encoding flags comprises:

setting data bits in an additional data channel, wherein each

data bit of the additional data channel is associated with
a respective data channel of the group of data bits, or
setting data bits added to each respective data channel.

14. The method of claim 8, wherein performing the first
encoding scheme on the group of data bits comprises:

performing the first encoding scheme on the group of data

bits after performing the second encoding scheme on the
group of data bits.
15. An electronic device, comprising:
means for performing a first encoding scheme on a group of
data bits to be transmitted over a data bus to generate a
first group of encoded data bits, wherein the first encod-
ing scheme is performed based on a number of transi-
tions within the group of data bits; and
means for performing a second encoding scheme on the
first group of encoded data bits based on a number of
data bits within the first group of encoded data bits
exhibiting a predetermined state to generate a second
group of encoded data bits.
16. The electronic device of claim 15, wherein performing
the first encoding scheme on the group of data bits comprises:
determining a number of transitions on each data channel
of a plurality of data channels on the data bus over a
duration of a predetermined number of data bits; and

inverting every other data bit of the predetermined number
of data bits on a data channel when the number of tran-
sitions on the data channel is determined to be above a
transition threshold.

17. The electronic device of claim 15, wherein performing
the second encoding scheme on the first group of encoded
data bits comprises:

determining a number of data bits set to a predetermined

state on each data channel of a plurality of data channels
on the data bus over a duration of a predetermined num-
ber of data bits; and

inverting the data bits of the predetermined number of data

bits on a data channel when the number of data bits set to
the predetermined state on the data channel is above a
state threshold.

18. The electronic device of claim 15, further comprising:

means for setting a plurality of first encoding flags to indi-

cate which data bits are encoded by the first encoding
scheme; and

means for setting a plurality of second encoding flags to

indicate which data bits are encoded by the second
encoding scheme.

19. A processor-readable storage medium, comprising pro-
gramming for causing a processing circuit to:
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employ a first encoding scheme on a group of data bits to be
transmitted over a data bus to generate a first group of
encoded data bits, wherein the first encoding scheme is
performed based on a number of transitions within the
group of data bits; and

employ a second encoding scheme on the first group of
encoded data bits based on a number of data bits within
the first group of encoded data bits exhibiting a prede-
termined state to generate a second group of encoded
data bits.

20. The processor-readable storage medium of claim 19,

wherein the first encoding scheme comprises:

determining a number of transitions on each data channel
of a plurality of data channels on the data bus over a
duration of a predetermined number of data bits; and

inverting every other data bit of the predetermined number
of data bits on a data channel when the number of tran-
sitions on the data channel is determined to be above a
transition threshold.

21. The processor-readable storage medium of claim 19,

wherein the second encoding scheme comprises:
determining a number of data bits set to a predetermined
state on each data channel of a plurality of data channels
on the data bus over a duration of a predetermined num-
ber of data bits; and
inverting the data bits of the predetermined number of data
bits on a data channel when the number of data bits set to
the predetermined state on the data channel is above a
state threshold.
22. The processor-readable storage medium of claim 19,
further comprising programming for causing a processing
circuit to:
set a plurality of first encoding flags to indicate which data
bits are encoded by the first encoding scheme; and
set a plurality of second encoding flags to indicate which
data bits are encoded by the second encoding scheme.
23. An electronic device comprising at least one encoder,
the encoder comprising:
a transition detector adapted to determine a number of
transitions on a plurality of data channels of a data bus
for a predetermined number of cycles;
a state detector adapted to determine a number of cycles set
to a predetermined state on each data channel of the
plurality of data channels for the predetermined number
of cycles; and
an invertor adapted to:
invert data bits corresponding to every other cycle of the
predetermined number of cycles on a data channel
when the number of transitions on the data channel is
determined to be above a transition threshold; and

invert data bits corresponding to the cycles of the prede-
termined number of cycles on a data channel when the
number of cycles in which data bits are set to the
predetermined state on the data channel is determined
to be above a state threshold.

24. The electronic device of claim 23, wherein the invertor
is further adapted to:

set a plurality of transition inversion encoding flags to
indicate on each data channel whether every other cycle
is inverted in response to the determination that the
number of transitions is above the transition threshold;
and

seta plurality of state inversion encoding flag to indicate on
each data channel whether the cycles are inverted in
response to the determination that the number of cycles
set to the predetermined state is above the state thresh-
old.



US 9,270,417 B2

21

25. The electronic device of claim 24, wherein the invertor
is adapted to:
set the plurality of transition inversion encoding flags on a
first flag channel, wherein each cycle on the first flag
channel is associated with a respective data channel; and
set the plurality of state inversion encoding flags on a
second flag channel, wherein each cycle on the second
flag channel is associated with a respective data channel.
26. The electronic device of claim 24, wherein the invertor
is adapted to:
set the plurality of transition inversion encoding flags on a
first flag channel, wherein two or more consecutive
cycles on the first flag channel are associated with a
respective data channel; and
set the plurality of state inversion encoding flags on a
second flag channel, wherein two or more consecutive
cycles on the second flag channel are associated with a
respective data channel.
27. The electronic device of claim 24, wherein the invertor
is adapted to:
set the plurality of transition inversion encoding flags and
the plurality of state inversion encoding flags on the
same flag channel.
28. The electronic device of claim 24, wherein the invertor
is adapted to:
set a respective transition inversion encoding flag on each
data channel as an additional cycle; and
set a respective state encoding inversion flag on each data
channel as another additional cycle.
29. The electronic device of claim 24, wherein the invertor
is adapted to:
set the plurality of transition inversion encoding flags on a
flag channel, wherein each cycle on the flag channel is
associated with a respective data channel; and
set a state inversion encoding flag as an additional cycle on
each data channel and the flag channel.
30. A method operational on an electronic device, compris-
ing:
determining a number of transitions on a plurality of data
channels of a data bus for a predetermined number of
cycles;
inverting data bits corresponding to every other cycle of a
data channel when the number of transitions on the data
channel is determined to be above a transition threshold;
setting a respective transition inversion encoding flag asso-
ciated with each data channel to indicate whether the
data bits corresponding to every other cycle of the asso-
ciated data channel have been inverted;
determining a number of cycles in which data bits are set to
a predetermined state on each data channel of the plu-
rality of data channels for the predetermined number of
cycles;
inverting the data bits in the cycles of a data channel when
the number of cycles in which data bits are set to the
predetermined state on the data channel is above a state
threshold; and
setting a respective state inversion encoding flag associated
with each data channel to indicate whether the data bits
in the cycles of the associated data channel are inverted.
31. The method of claim 30, wherein setting the respective
transition inversion encoding flag associated with each data
channel to indicate whether the data bits corresponding to
every other cycle of the associated data channel have been
inverted comprises:
setting each of the transition inversion encoding flags on a
flag channel, wherein each cycle on the flag channel is
associated with a respective data channel.
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32. The method of claim 30, wherein setting the respective
transition inversion encoding flag associated with each data
channel to indicate whether the data bits corresponding to
every other cycle of the associated data channel have been
inverted comprises:

setting the respective transition inversion encoding flag on

the associated data channel as an additional cycle.

33. The method of claim 30, wherein setting the respective
state inversion encoding flag associated with each data chan-
nel to indicate whether the data bits of the associated data
channel are inverted comprises:

setting each of the state inversion encoding flags on a flag

channel, wherein each cycle on the flag channel is asso-
ciated with a respective data channel.

34. The method of claim 30, wherein setting the respective
state inversion encoding flag associated with each data chan-
nel to indicate whether the data bits of the associated data
channel are inverted comprises:

setting the respective state inversion encoding flag on the

associated data channel as an additional cycle.

35. An electronic device, comprising:

means for determining a number of transitions on a plural-

ity of data channels of a data bus for a predetermined
number of cycles;

means for inverting data bits corresponding to every other

cycle of a data channel when the number of transitions
on the data channel is determined to be above a transition
threshold;
means for setting a respective transition inversion encoding
flag associated with each data channel to indicate
whether the data bits corresponding to every other cycle
of the associated data channel have been inverted;

means for determining a number of cycles in which data
bits are set to a predetermined state on each data channel
of the plurality of data channels for the predetermined
number of cycles;

means for inverting the data bits in the cycles of a data

channel when the number of cycles in which data bits are
set to the predetermined state on the data channel is
above a state threshold; and

means for setting a respective state inversion encoding flag

associated with each data channel to indicate whether
the data bits in the cycles of the associated data channel
are inverted.

36. A processor-readable storage medium, comprising pro-
gramming for causing a processing circuit to:

determine a number of transitions on a plurality of data

channels of a data bus for a predetermined number of
cycles;
invert data bits corresponding to every other cycle of a data
channel when the number of transitions on the data
channel is determined to be above a transition threshold;

set a respective transition inversion encoding flag associ-
ated with each data channel to indicate whether the data
bits corresponding to every other cycle of the associated
data channel have been inverted;

determine a number of cycles in which data bits are set to

a predetermined state on each data channel of the plu-
rality of data channels for the predetermined number of
cycles;

invert the data bits in the cycles of a data channel when the

number of cycles in which data bits are set to the prede-
termined state on the data channel is above a state thresh-
old; and

set a respective state inversion encoding flag associated

with each data channel to indicate whether the data bits
in the cycles of the associated data channel are inverted.
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37. An electronic device comprising at least one decoder,
the decoder comprising:

adata bus interface adapted to be coupled with a data bus to

facilitate a reception of data bits; and

an invertor coupled with the data bus interface, the invertor

adapted to:

receive, via the data bus interface, a group of data bits on
a plurality of data channels;

decode the group of data bits for a first encoding scheme
to generate a first group of decoded data bits; and

decode the first group of decoded data bits for a second
encoding scheme to generate a second group of
decoded data bits;

wherein the invertor adapted to decode the group of data

bits for the first encoding scheme comprises the invertor
adapted to:

identify encoding flags associated with the first encoding

scheme; and

invert data bits indicated by the encoding flags associated

with the first encoding scheme to have been inverted.

38. The electronic device of claim 37, wherein the invertor
adapted to decode the first group of decoded data bits for the
second encoding scheme comprises the invertor adapted to:

identify encoding flags associated with the second encod-

ing scheme; and

invert data bits indicated by the encoding flags associated

with the second encoding scheme to have been inverted.

39. The electronic device of claim 37, wherein the first
encoding scheme comprises an encoding scheme based on a
number of data bits on a data channel for the group of data bits
exhibiting a predetermined state.

40. The electronic device of claim 37, wherein the first
encoding scheme comprises an encoding scheme based on a
number of transitions on a data channel for the group of data
bits.

41. A method operational on an electronic device, compris-
ing:

receiving a group of data bits on a plurality of data channels

of a data bus;
decoding the group of data bits for a first encoding scheme
to generate a first group of decoded data bits; and

decoding the first group of decoded data bits for a second
encoding scheme to generate a second group of decoded
data bits;

wherein decoding the group of data bits for a first encoding

scheme comprises: identifying encoding flags associ-
ated with the first encoding scheme;

and inverting data bits indicated by the encoding flags

associated with the first encoding scheme to have been
inverted.

42. The method of claim 41, wherein decoding the first
group of decoded data bits for a second encoding scheme
comprises:

identifying encoding flags associated with the second

encoding scheme; and

inverting data bits indicated by the encoding flags associ-

ated with the second encoding scheme to have been
inverted.

43. The method of claim 41, wherein decoding the group of
data bits for a first encoding scheme comprises:

decoding the group of data bits for an encoding scheme

based on a number of data bits on a data channel exhib-
iting a predetermined state.

44. The method of claim 41, wherein decoding the group of
data bits for a first encoding scheme comprises:

decoding the group of data bits for an encoding scheme

based on a number of transitions on a data channel.
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45. An electronic device, comprising:

means for receiving a group of data bits on a plurality of

data channels of a data bus;
means for decoding the group of data bits for a first encod-
ing scheme to generate a first group of decoded data bits;

and means for decoding the first group of decoded data bits
for a second encoding scheme to generate a second
group of decoded data bits;

wherein the means for decoding the group of data bits fora

first encoding scheme comprises:

means for identifying encoding flags associated with the
first encoding scheme; and

means for inverting data bits indicated by the encoding
flags associated with the first encoding scheme to
have been inverted.

46. The electronic device of claim 45, wherein the means
for decoding the first group of decoded data bits for a second
encoding scheme comprises:

means for identifying encoding flags associated with the

second encoding scheme; and

means for inverting data bits indicated by the encoding

flags associated with the second encoding scheme to
have been inverted.
47. The electronic device of claim 45, wherein the first
encoding scheme comprises an encoding scheme based on a
number of data bits on a data channel exhibiting a predeter-
mined state.
48. The electronic device of claim 45, wherein the first
encoding scheme comprises an encoding scheme based on a
number of transitions on a data channel.
49. A processor-readable storage medium, comprising pro-
gramming for causing a processing circuit to:
decode a group of received data bits for a first encoding
scheme to generate a first group of decoded data bits; and

decode the first group of decoded data bits for a second
encoding scheme to generate a second group of decoded
data bits;

wherein the programming for causing a processing circuit

to decode the group of received data bits for the first
encoding scheme comprises programming for causing a
processing circuit to:

identify encoding flags associated with the first encoding

scheme; and

invert data bits indicated by the encoding flags associated

with the first encoding scheme to have been inverted.

50. The processor-readable storage medium of claim 49,
wherein the programming for causing a processing circuit to
decode the first group of decoded data bits for the second
encoding scheme comprises programming for causing a pro-
cessing circuit to:

identify encoding flags associated with the second encod-

ing scheme; and

invert data bits indicated by the encoding flags associated

with the second encoding scheme to have been inverted.

51. The processor-readable storage medium of claim 49,
wherein the first encoding scheme comprises an encoding
scheme based on a number of data bits on a data channel of the
received data bits exhibiting a predetermined state, and the
second encoding scheme comprises an encoding scheme
based on a number of transitions on the data channel.

52. The processor-readable storage medium of claim 49,
wherein the first encoding scheme comprises an encoding
scheme based on anumber of transitions on a data channel for
the received data bits, and the second encoding scheme com-
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prises an encoding scheme based on a number of data bits on
the data channel exhibiting a predetermined state.
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